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Human spermatozoa stimulated with progesterone (a product of the cumulus and thus encountered by sperm prior to fertilization in vivo)
apparently mobilize Ca2+ and respond very differently according to the way in which the steroid is presented. A progesterone concentration ramp
(0–3 μM) induces [Ca2+]i oscillations (repetitive store mobilization) which modify flagellar beating, whereas bolus application of micromolar
progesterone causes a single large transient (causing acrosome reaction) which is apparently dependent upon Ca2+ influx. We have investigated
Ca2+-mobilization and functional responses in human sperm exposed to 3 μM progesterone. The [Ca2+]i response to progesterone was abolished
by 4 min incubation in 0 Ca2+ medium (2 mM EGTA) but in nominally Ca2+-free medium (no added Ca2+; 0 EGTA) a smaller, slow response
occurred. Single cell imaging showed a similar effect of nominally Ca2+-free medium and ≈5% of cells generated a small transient even in the
presence of EGTA. When cells were exposed to EGTA-containing saline (5 min) and then returned to nominally Ca2+-free medium before
stimulation, the [Ca2+]i transient was greatly delayed (≈50 s) and rise time was doubled in comparison to cells not subjected to EGTA pre-
treatment. We conclude that mobilization of stored Ca2+ contributes a ‘slow’ component to the progesterone-induced [Ca2+]i transient and that
incubation in EGTA-buffered saline is able rapidly to deplete this store. Analysis of flagellar activity induced by 3 μM progesterone showed an
effect (modified beating) associated with the [Ca2+]i transient, in >80% of cells bathed in nominally Ca
2+-free medium. This was reduced greatly
in cells subjected to 5 min EGTA pre-treatment. The store-mediated transient showed a pharmacological sensitivity similar to that of progesterone-
induced [Ca2+]i oscillations (consistent with filling of the store by an SPCA) suggesting that the transient induced by micromolar progesterone is a
‘single shot’ activation of the same store that generates Ca2+ oscillations.
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[Ca2+]i signaling is crucial to sperm function (Jimenez-
Gonzalez et al., 2006). In mammalian sperm, the best
characterized Ca2+-mediated response is the induction of
acrosome reaction (AR) by zona pellucida. Zona pellucida
induces a biphasic elevation of [Ca2+]i involving Ca
2+-influx
through a T-type voltage-operated Ca2+ channel followed by
prolonged capacitative Ca2+ influx that induces AR (O'Toole et
al., 2000). In sea urchin sperm, a similar biphasic pattern of Ca2+
influx occurs during induction of AR by egg jelly (Gonzalez-⁎ Corresponding author.
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doi:10.1016/j.ydbio.2006.09.040Martinez et al., 2001; Hirohashi and Vacquier, 2003). Stimula-
tion of human spermatozoa with micromolar concentrations of
progesterone (a product of the cumulus cells) activates plasma
membrane receptors (Blackmore et al., 1991; Tesarik and
Mendoza, 1993) causing rapid elevation of [Ca2+]i in nearly all
cells (Harper et al., 2003) a proportion of which undergo AR
(Baldi et al., 1999). The progesterone-induced [Ca2+]i signal is
also biphasic, with an initial transient elevation (≈1 min),
followed by a sustained plateau or ramp, both of which are
sensitive to inhibition of Ca2+-influx and abolished by ‘total’
removal of extracellular Ca2+ by EGTA (Blackmore et al., 1990;
1991; Meizel and Turner, 1991; Kirkman-Brown et al., 2000).
In contrast, when human spermatozoa are exposed to a slowly
increasing concentration of progesterone (intended to represent
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[Ca2+]i signal is very different. A slow rise in [Ca
2+]i occurs,
upon which oscillations are superimposed in up to 50% of cells.
These oscillations do not induce AR but modulate flagellar
activity (Harper et al., 2004; 2005). Oscillations can also occur in
a small proportion of cells following the [Ca2+]i transient
induced by 3 μM progesterone (Harper et al., 2004; Kirkman-
Brown et al., 2004). These oscillations are generated by store
mobilization and persist in medium with no added Ca2+(Harper
et al., 2004).
These findings lead to the surprising conclusion that sperm
can respond to progesterone, a hormone that they will encounter
in the female tract prior to fertilization, in two quite different
ways according to the manner in which the stimulus is
encountered. More specifically, different presentations of
progesterone cause different patterns of Ca2+ mobilization
leading to different cellular responses! This could occur either if
(i) different protocols with the same agonist activate different
parts of the Ca2+-signalling apparatus of the cells (influx at the
plasmalemma and store mobilization) or (ii) the same compo-
nents of the Ca2+-signalling toolkit are activated in both
instances but the magnitude and kinetics of their responses
differ significantly according to the nature of the stimulus. A key
question in addressing this issue is to determine whether the
store that is mobilized cyclically, to generate [Ca2+]i oscillations,
is also a participant in the ‘classic’ biphasic response to
micromolar doses of progesterone? If this is the case, store
mobilization must be highly dependent on Ca2+ influx and/or the
store must be rapidly depleted in EGTA-containing media, such
that progesterone-induced store mobilization is not detected
under these conditions. We have re-examined the biphasic
response to progesterone, to investigate the possible participa-
tion of store mobilization. We report that a significant, late
component of the transient response is due to mobilization of
Ca2+ from a progesterone-mobilized, thapsigargin-insensitive
store that also generates [Ca2+]i oscillations.
Materials and methods
Sperm preparation/capacitation
All donors were recruited at the Birmingham Women's Hospital (HFEA
center number 0119), in accordance with the Human Embryology Authority
Code of Practice. Human ejaculated spermatozoa were obtained from normal
healthy donors by masturbation. After semen liquefaction (approximately
30 min), motile spermatozoa were harvested by swim-up (Mortimer, 1994) in
sEBSS (see below). Briefly 1 ml of sEBSS was under-layered with 0.3 ml of
liquefied semen in Falcon 2054 tubes. The tubes were then incubated for 1 h at
37°C, 5% CO2. After 1 h, the upper 0.7 ml of the medium (containing the motile
fraction of spermatozoa) of all the tubes was collected into a 15 ml Blue max
tube (Becton Dickinson) using a sterile transfer pipette. The concentration of the
collected spermatozoa was assessed using a Neubauer counting chamber (WHO,
1999) and adjusted to 6×106 cells per ml with the appropriate medium.
Two milliliters aliquots of sperm suspension were made and incubated for at
least 6 h at 37°C, 5% CO2.
Salines/media
The standard suspension medium was sEBSS, a capacitating medium
containing NaCl (116.4 mM), KCl (5.4 mM), CaCl2 (1.8 mM), MgCl2 (1 mM),Glucose (5.5 mM), NaHCO3 (25 mM), Na pyruvate (2.5 mM), Na lactate
(19 mM), MgSO4 (0.81 mM) and 0.3% BSA, pH 7.4. In nominally Ca
2+-free
sEBSS (NCFsEBSS), Ca2+ (1.8mM)was replacedwith 2.5mMNaCl. In EGTA-
bufferedmedium, sEBSSwas supplemented with 2mMEGTA. EGTAwasmade
up as a stock solution (500 mM) in phosphate-buffered saline (pH 7.4). pH of
EGTA-supplemented sEBSS was checked and corrected if necessary.
Measurement of [Ca2+]i
Fluorimetry
2 ml aliquots of capacitated sperm suspensions (6×106 cells/ml) was loaded
with fura-2, and [Ca2+]i determined as described previously (Bedu-Addo et al.,
2005). Measurements were carried out at 37°C. Progesterone (3.2 μM, final)
was added 400 s after the beginning of each experiment. All experiments were
carried out between 11 and 15 times, using different samples (derived from at
least 5 different donors) for each repeat. Concentrations were calculated as
described previously and values given in text are mean±SEM.
Single cell imaging
Aliquots of spermatozoa (200 μl at 6×106 cells/ml) in sEBSS were labeled
with Oregon Green BAPTA 1-AM (12 μM final concentration in DMSO
dispersed with pluronic F-127) at 37°C (5%CO2) for 30 min. The cells were then
gently introduced into a purpose-built, perfusable, imaging chamber (200 μl), the
lower surface of which consisted a coverslip (22×50 mm previously coated with
10%poly-D-lysine solution and air-dried) for viewing on an invertedmicroscope.
The chamber containing the labeled spermatozoa was returned to the incubator
for a further 30 min for further labeling and for spermatozoa to adhere to the
coverslip. The chamber was then transferred to the microscope and perfused with
at least 10 ml sEBSS at a standard perfusion rate (0.4 ml/min) to remove excess
extracellular dye and allow time for dye de-esterification before beginning the
experiment. All experiments were carried out at 25°C in a continuous flow of
media. Cells were imaged on an inverted Nikon TE200 microscope, fitted with a
Cairn 75Wxenon source and an epifluorescence attachment with a green filter set
(excitation=485 DF 15, emission=535 DF 35). Images were taken every 10 s
using a 40× objective and a Hamamatsu Orca 1 CCD camera. There was a delay
of approximately 30 s between addition of progesterone to the perfusion header
and generation of the transient response. This delay reflects the travel time of
progesterone through the perfusion tube, the response to progesterone being
generated within 3–5 s of exposure to the agonist (Kirkman-Brown et al., 2000).
The concentration of the progesterone in the superfusing saline was then
maintained at a constant level unless stated otherwise. Data acquisition and
storage were controlled by a PC running AQM Orca 2001 imaging control
system (Kinetic Imaging Ltd. [Andor Bioimaging Division], Bromborough,
Wirral, UK). Experiments were carried out between two and four times, each
repeat on a different sample.
Single cell data processing
Data were processed offline using the AQMOrca 2001 software. A region of
interest was drawn around the rear of the head of each spermatozoon in the field
of view. The image series was then replayed several times, enabling close
inspection of each cell by eye. Cells were removed from analysis if the
spermatozoon moved out of the region of interest or if the fluorescence faded to
zero within the duration of the experiment, assumed to be dye lost due to cell
death. This accounted for approximately 8% of cells. Raw intensity values were
imported into Microsoft Excel and normalized using the equation
R ¼ ½ðF  FrestÞ=Frest  100%
where R is normalized fluorescence intensity, F is fluorescence intensity at time
t and Frest is the mean of at least 20 determinations of F taken during the control
period. At each time point, the normalized fluorescence intensity values (R) for
each cell were compiled to generate an average normalized head fluorescence
(Rtot). The total series of Rtot were then plotted to give the mean normalized
response of head fluorescent intensity for that experiment.
Assessment of progesterone induced acrosome reaction
For assay of acrosome reaction (AR), cells were stimulated with either
progesterone (final concentration of 3.2 μM) or A23187 (10 μM) or solvent
Fig. 1. Effects of extracellular Ca2+ concentration on the responses of human
sperm populations to 3.2 μM progesterone. (a) Responses of cells suspended in
sEBSS (black trace) and sEBSS+ 2 mMEGTA (blue trace) to progesterone. First
arrow shows time of EGTA (blue trace), 2nd arrow shows time of addition of
progesterone (3.2 μM). Each trace shows mean of 5 separate experiments. Axes
show time in seconds and change in [Ca2+]i from control level. (b) Responses of
cells suspended in sEBSS (black trace) and NCFsEBSS (grey trace) to
progesterone (3.2 μM) added at 0 s. Both traces show mean of 15 separate
experiments. Inset shows the first 15 s of each trace on an expanded time scale.
Arrows show the estimated start time of each response. The response in
NCFsEBSS begins approximately 2 s later than that in sEBSS. The red trace
shows the ‘[Ca2+]o-sensitive’ component of the response, obtained by subtracting
the response in NCFsEBSS from that in sEBSS. Axes show time in seconds with
respect to addition of progesterone and change in [Ca2+]i from control level.
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centrifuged at 500×g for 5 min. The supernatant was removed and the
spermatozoa re-suspended in 0.5 ml of hypo-osmotic swelling (HOS) medium
(0.74% sodium citrate, 1.35% fructose in double-distilled H2O). After 10 min
incubation in HOS media, the spermatozoa were centrifuged for 5 min at
500×g. The supernatant was removed leaving a minimum volume of HOS
(30 μl) for re-suspension. Re-suspended pellets in remaining HOS were smeared
on microscopic slides (duplicate slides) previously coated with 10% poly-L-
lysine solution and air-dried. The cells were then permeabilized in methanol for
2 min. Fifteen microliters of FITC-labeled Pisum sativum agglutinin (FITC-
PSA) in PBS was spread on each slide and incubated for 45 min in a humid
chamber at 37°C. Slides were then washed in a constant flow of mains water for
15 min before air drying and mounting with fluoromout. Fluorescence
microscopy was used to evaluate acrosomal status; slides were scored blind
and only viable (curly tailed) spermatozoa were counted (Aitken et al., 1993).
Acrosomal status was assessed as described elsewhere (Mendoza et al., 1992). A
total of 200 spermatozoa were scored for each treatment (100 per slide).
Progesterone AR was represented as the percentage of maximum (response
to10 μM ionophore A23187 in that experiment), with minimum set as the
response to DMSO, using the equation:
ARð%maximumÞ ¼ ½ðR DMSOÞ=ðionohore DMSOÞ  100
where R is the percentage AR in the experimental incubation, DMSO is the
percentage AR in the parallel vehicle control, and ionophore is the percentage
AR in the parallel incubation of cells incubated for 6 h in sEBSS and then for a
further 1 h in the presence of ionophore.
Materials
Progesterone [4-pregnene-3, 20-dione], salts for the preparation of EBSS,
digitonin, EGTA, A23187, DMSO, lectin from Pisum sativum (FITC labeled),
thapsigargin, PBS, pluronic F-127 and poly-D-lysine were from Sigma-Aldrich
(Poole, UK). Oregon Green BAPTA 1-AM and Fura-2 AM were from
Molecular Probes (Cambridge Bioscience, UK). Bovine serum albumin (BSA)
was from JRH Biosciences (Cambridge Bioscience, UK). Hydromount was
from BDH Merck (Poole, UK). Bis(2-hydroxy-3-tert-butyl-5-methyl-phenyl)
methane (bis-phenol) was purchased from Pfaltz and Bauer, Waterbury, CT,
USA. All chemicals were cell culture-tested grade where available.
Statistical analysis
All calculations and statistical analyses were performed using the statistics
module of Microsoft Excel 97. t - tests (two tailed; paired where appropriate) and
chi-square contingency tests were performed to test for significance.Results
Effects of extracellular [Ca2+] on the progesterone-induced
[Ca2+]i increase
Fluorimetry
The response of human spermatozoa suspended in standard
sEBSS to 3.2 μm progesterone was as described previously
(Bedu-Addo et al., 2005). There was an immediate, transient
rise in [Ca2+]i (Δ[Ca
2+] 400–500 nM) followed by a smaller
plateau or ramp (Fig. 1a, black trace). Removal of extracellular
Ca2+ by chelation with 2 mM EGTA caused an immediate fall in
[Ca2+]i which stabilized within <1 min at 50–60% of resting
levels. Under these conditions, addition of progesterone to the
cuvette caused no increase in [Ca2+]i (Fig. 1a, blue trace;
Blackmore et al., 1990). Subsequent addition of excess (2 mM)
Ca2+ to the cuvette caused an immediate and transient increase
in [Ca2+]i (not shown). Though these data suggest a completedependence of the progesterone-induced [Ca2+]i signal on Ca
2+
influx, the effect of EGTA on resting [Ca2+]i is such that rapid
depletion of intracellular stores may occur under these
conditions, preventing detection of store mobilization. We
therefore investigated the effects of less harsh treatment,
suspending cells in ‘nominally Ca2+-free' sEBSS (NCFsEBSS),
from which Ca2+ was omitted, but without EGTA. This saline
contains less than 5 μM free Ca2+(Harper et al., 2005).
Spermatozoa that had been incubated in complete sEBSS were
re-suspended in NCFsEBSS for ≈15 min before addition of
progesterone to the cuvette. Under these conditions, we
observed a [Ca2+]i transient that was reduced in amplitude
compared to that in complete sEBSS (148±24 nM compared to
404±86 nM; P<0.05; Fig. 1b) and took twice as long to reach
peak (25.9±1.8 s compared to 12.1±0.6 s; P<0.0001).
Examination of the period immediately following addition of
progesterone showed that latency (delay to the start of the rising
phase of the response) was increased from ≈2 to ≈4 s after
application of progesterone in NCFsEBSS (Fig. 1b inset). When
Fig. 2. Effects of extracellular Ca2+ concentration on the responses of individual human sperm cells to 3.2 μM progesterone (yellow bar in each panel). Axes show time
(min) and% change in fluorescence from control level. (a) Response of cells in standard sEBSS. Representative responses of 7 cells (colored traces).◼–◼ shows mean
response for all the cells in that experiment (Rtot). Similar results were obtained in a second experiment. (b) Response of cells in NCFsEBSS (shown by blue bar above
trace). Representative responses of 7 cells (colored traces) are shown. Clear [Ca2+]i oscillations are frequently observed under these conditions. ◼–◼ shows mean
response for all the cells in that experiment (Rtot). Similar results were obtained in 3 other experiments. (c) Response of cells in sEBSS supplemented with 2 mM EGTA
(shown by pale blue bar above traces). Representative responses of 5 cells (colored traces) are shown. In 3 of these cells there is a transient elevation of [Ca2+]i upon
exposure to progesterone.◼–◼ shows mean response for all the cells in that experiment (Rtot). Similar results were obtained in a second experiment. (d) Response of
cells in NCFsEBSS after prior exposure to EGTA (shown by pale blue bar above trace). Representative responses of 6 cells (colored traces) are shown.◼–◼ showsmean
response for all the cells in that experiment (Rtot). In some cells (green and dark blue traces), there was an initial transient fall in [Ca
2+]i immediately upon stimulation.
Inset shows mean responses of cells stimulated with progesterone in NCFsEBSS (◼–◼; 436 cells from 4 experiments) and responses of cells stimulated in NCFsEBSS
after pre-treatment with EGTA saline (□–□; 383 cells from 4 experiments). Red dashed line shows time of progesterone application, note the clear delay (≈50 s)
between the start of progesterone superfusion (arrow) and the rise in [Ca2+]i in the EGTA-pretreated cells. Similar results were obtained in 3 other experiments.
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(Fig. 1b, red trace), this showed a latency and time to peak
similar to that of the control response, but the decay was much
faster and followed by an overshoot, as occurs after pretreat-
ment of human sperm with nifedipine or low-dose progesterone
(Harper et al., 2003; Kirkman-Brown et al., 2003).
Single cell imaging
The biphasic kinetics of the mean response (Rtot) evoked by
progesterone in cells superfused with sEBSS were, as reported
previously (Kirkman-Brown et al., 2000), similar to that evoked
in populations studied fluorimetrically (Fig. 2a, ◼–◼). The
amplitude of the response varied between individual cells
(Fig. 2a, colored traces), but 97% of the spermatozoa exhibited
both a [Ca2+]i transient (rise time 20–60 s, duration≈2min) and
a sustained response.
When sperm were superfused with NCFsEBSS then stimu-
lated with 3 μM progesterone, most cells (> 90%) generated a
[Ca2+]i elevation. As in cells bathed in sEBSS, we observed both
transient and sustained phases (also visible in the Rtot plot Fig.
2b, ◼–◼), but the nature of the response was clearly different tothat in cells stimulated with progesterone in sEBSS. Many cells
showed only a small [Ca2+]i transient with a low rate of rise
(>2 min to peak; Fig. 2b, colored traces). The mean rise time of
the transient was longer than under control conditions (45±2 s;
n=436 cells in four experiments) compared to 34±1 s (n=244
cells in two experiments; P<0.0001) and the amplitude of this
response was reduced (38±0.8% compared to 48±1%;
P<0.0001).
When cells superfused with sEBSS were exposed to medium
supplemented with 2 mMEGTA, we observed an immediate fall
in [Ca2+]i, fluorescence falling to ≈80% of control levels (in
sEBSS) within 1–2 min then falling more slowly (Fig. 2c). After
4 min superfusion with EGTA-containing saline, the cells were
exposed to progesterone. Under these conditions, the hormone
caused no discernible response in the Rtot (Fig. 2c, ◼–◼) but a
small proportion (≈5%) of cells (364 cells, two experiments)
showed a small but clear progesterone transient (Fig. 2c). An
explanation for this observation is that progesterone mobilizes
stored Ca2+ during the [Ca2+]i transient but that a brief exposure
to EGTA-buffered saline (as routinely employed in experiments
where extracellular Ca2+ is removed) is sufficient to deplete the
Fig. 3. Effects of inhibitors of intracellular store Ca2+ ATPases on the responses
of human sperm populations to 3.2 μM progesterone. Axes show time in
seconds and change in [Ca2+]i from control level. (a) Effect of thapsigargin.
Black and grey traces show responses of cells suspended in sEBSS (black) and
NCFsEBSS (grey) to progesterone. Blue traces show responses of cells
suspended in sEBSS (dark blue) and NCFsEBSS (light blue) to progesterone
after prior addition of 2 μM thapsigargin. First arrow shows time of thapsigargin
addition, second arrow shows time of progesterone addition. Exposure to
thapsigargin results in only a very small mobilization of Ca2+ (inset) and has
negligible effects on the subsequent response to progesterone. Each trace shows
mean of 9 experiments. (b) Effect of bis-phenol. Black and grey traces show
responses of cells suspended in sEBSS (black) and NCFsEBSS (grey) to
progesterone. Blue traces show responses of cells suspended in sEBSS (dark
blue) and NCFsEBSS (light blue) to progesterone after prior addition of 20 μM
bis-phenol. First arrow shows time of bis-phenol addition, second arrow shows
time of progesterone addition. Exposure to bis-phenol results in a rapid increase
in [Ca2+]i over the first 10 s followed by a more gradual rise. In NCFsEBSS,
only the rapid rise is seen (inset). In sEBSS, the response to progesterone is
smaller but the decay phase is greatly extended after bis-phenol pre-treatment
(dark blue trace), reflecting impairment of Ca2+-clearance mechanisms. In
NCFsEBSS, the response to progesterone is negligible after pre-treatment with
bis-phenol (light blue trace). Each trace shows mean of 11 experiments.
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nominal Ca2+-free sEBSS were superfused for 5 min with
NCFsEBSS supplemented with 2 mM EGTA (to deplete Ca2+
stores) and then returned to NCFsEBSS for a further 4 min
before they were stimulated with progesterone. The EGTA-
induced reduction in [Ca2+]i did not recover upon readmission of
NCFsEBSS to the chamber (Fig. 2d). When progesterone was
applied to these cells, the response differed from that seen
previously. The [Ca2+]i transient was greatly reduced in the Rtot
plot (Fig. 2d, ◼–◼) and the rise time was doubled compared to
non-pretreated cells (87±4 s; 383 cells in 4 experiments;
P<0.00005). More strikingly, under these conditions, there was
a clear delay (≈50 s) between application of progesterone and
initiation of the elevation of [Ca2+]i (Fig. 2d). In many cells,
there was a transient fall in [Ca2+]i immediately upon stimulation
(Fig. 2d, green and dark blue traces).
Depletion of stored Ca2+ and [Ca2+]i oscillations
A characteristic of the response of human spermatozoa to
treatment with micromolar progesterone is the occurrence, in
5–10% of cells, of [Ca2+]i oscillations in the area of the sperm
‘neck’ due to cyclical mobilization of stored Ca2+(Harper et al.,
2004, 2005; Kirkman-Brown et al., 2004; Harper and Publi-
cover, 2005). Consistent with our previous observations
(Harper et al., 2004; Kirkman-Brown et al., 2004), when
cells were superfused with sEBSS, approximately 10% (range
2–17%) of cells stimulated with 3.2 μM progesterone
generated clear [Ca2+]i oscillations after the initial transient
(2 experiments; 244 cells), though a much larger proportion
showed irregular variation in [Ca2+]i. When cells were treated
with progesterone in NCFsEBSS, the proportion of cells
showing organized oscillations increased to 48±11% (4
experiments, 436 cells; Fig. 2b), again consistent with previous
observations that transfer of cells to this medium caused
‘organization’ of repetitive activity (Harper et al., 2004, 2005).
However, when cells were first exposed to EGTA-supplemen-
ted NCFsEBSS (to deplete Ca2+ stores) then transferred to
NCFsEBSS before stimulation, the response to progesterone
was discernible (Fig. 2d) but nearly all sperm showed a stable
prolonged [Ca2+]i signal. [Ca
2+]i oscillations were observed in
only 1.2±0.5% of cells (4 experiments, 347cells).
Effects of Ca2+ pump inhibitors on the progesterone-induced
[Ca2+]i increase
Fluorimetric analysis
Application of 2 μM thapsigargin (20 times the saturating
dose for SERCA inhibition; Treiman et al., 1998) to cells
suspended in sEBSS evoked a small [Ca2+]i transient
(≤30 nM), lasting approximately 1 min, followed by a slight
(≈10 nM) but sustained increase in [Ca2+]i (Fig. 3a inset, blue
trace; n=9). When cells were subsequently exposed to
progesterone, the amplitude and kinetics of the [Ca2+]i response
were indistinguishable from those in non-pretreated cells
(Fig. 3a, black and blue traces). In cells suspended in
NCFsEBSS, the response to 2 μM thapsigargin was evensmaller (Fig. 3a inset, light blue trace). When these cells were
then exposed to progesterone, the amplitude of the response was
not significantly changed compared to non-pretreated cells
(Fig. 3a, grey and light blue traces P>0.05).
Bis-phenol (10–40 μM) inhibits both SERCA and SPCA
Ca2+-pumps (Brown et al., 1994). Bis-phenol (20 μM) (a dose
sufficient to inhibit thapsigargin-insensitive microsomal Ca2+
ATPase by≈70%; Harper et al., 2005) induced a biphasic rise in
[Ca2+]i. An initial rapid rise of 40–50 nM within 10 s was
followed by a further, slow rise (over approximately 3min); a net
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application of progesterone resulted in the rapid rise in [Ca2+]i
to a level similar to that seen in control cells. The incremental rise
was, therefore, smaller than under control conditions (231±
37 nM compared to 354±80 nM; Fig. 3b), but this difference
was not significant (P>0.1). Decay of the rise in [Ca2+]i was
much slower than under control conditions (Fig. 3b, black and
blue traces).
When cells suspended in NCFsEBSS were exposed to
20 μM bis-phenol, the initial rapid rise in [Ca2+]i was still
observed (peak=48±9 nM) but the second phase of the rise did
not occur. Stimulation of these cells with progesterone resulted
in only a very small rise in [Ca2+]i (28±5 nM; n=11) compared
to that in non-pretreated preparations (126±14 nM, n=11;
Fig. 3b, grey and light blue traces; P<0.000001).
Single cell imaging
Thapsigargin (2 μM) evoked a small increase in fluorescence
in a minority of cells (14% in sEBSS; 10% in NCFsEBSS). This
effect was not detectable in the mean (Rtot) plots. As in
fluorimetric records, subsequent application of progesterone
induced a response similar to that in control cells. Bis-phenol
(20 μM) evoked a significant increase in fluorescence, often
including an initial rapid rise, in 97% of the cells. The responseFig. 4. Functional effects of the two components of Ca2+ mobilization. (a) Induction o
free). Simple omission of Ca2+ reduced induction of AR by 75%. (b)Modulation of fla
shows transient increase in [Ca2+]i (fluorescence of Oregon Green BAPTA-1) in an in
images show the same cell at the time points indicated (before, during and after the tran
(c) Proportion of cells showing phasic modulation of flagellar activity (excursion of
3.2 μMprogesterone. Black bar shows cells in sEBSS, grey bars show cells in NCFsEB
to NCFsEBSS for a further 4 min before stimulation. Each bar shows mean±SEM of
Oregon Green BAPTA-1) in an individual cell, superfused with NCFsEBSS after prio
same cell at the time points indicated (before, during and after the transient). Excursto subsequent application of progesterone, as in fluorimeteric
records, was slightly smaller but prolonged in comparison to that
seen in non-pretreated cells or cells pretreated with thapsigargin.
Application of bis-phenol to cells superfused with NCFsEBSS
caused a clear rise in [Ca2+]i in 93% of the cells. The subsequent
response to progesterone was discernible in single cell traces and
Rtot, but was greatly reduced compared to the response in non-
pretreated cells. In marked contrast to experiments in which bis-
phenol pretreatment was not applied, where [Ca2+]i oscillations
were seen in almost 50% of cells, oscillations were never seen in
bis-phenol-treated cells.
Functional effects of progesterone-activated [Ca2+]i signals
The initial [Ca2+]i transient induced by micromolar proges-
terone (of which a major component is Ca2+-influx; Fig. 1)
induces AR (Baldi et al., 1999), but [Ca2+]i oscillations of
equivalent amplitude (caused by store-mobilization) do not
(Harper et al., 2004). We therefore investigated stimulation of
AR by progesterone when the [Ca2+]i signal was largely
dependent upon store mobilization. When cells were re-
suspended in NCFsEBSS after capacitation in sEBSS for 6 h,
the ability of progesterone to induce AR, though still detectable,
was reduced by 75% (Fig. 4a; P<0.00025).f AR (% stimulation) by 3.2 μM progesterone in sEBSS and NCFsEBSS (Ca2+-
gellar activity during the [Ca2+]i transient induced by 3.2 μMprogesterone. Graph
dividual cell, superfused with sEBSS, in response to progesterone. Pseudocolor
sient). Excursion of the proximal flagellum clearly increases during the transient.
flagellum or movement of sperm head) during the [Ca2+]i transient induced by
SS. Bar labeled EGTA is cells that were exposed to EGTA for 4min then returned
3 or 4 experiments. (d) Graph shows transient increase in [Ca2+]i (fluorescence of
r exposure to EGTA, in response to progesterone. Pseudocolor images show the
ion of the proximal flagellum does not increase during the [Ca2+]i response.
330 K. Bedu-Addo et al. / Developmental Biology 302 (2007) 324–332Since the [Ca2+]i transient induced by application of 3 μM
progesterone includes a component due to store mobilization,
the modulation of flagellar activity that occurs during [Ca2+]i
oscillations might also occur during the [Ca2+]i transient. We
therefore examined image series of cells stimulated with 3 μM
progesterone. Fig. 4b shows the [Ca2+]i response of a cell
stimulated with 3 μM progesterone in sEBBS. The three inset
pseudocolor images show long exposure (100 ms) images of a
cell before (1), during (2) and after (3) the progesterone-induced
[Ca2+]i transient. Excursion of the proximal flagellum clearly
increases during the transient. In experiments where ‘tethering’
of the cell was sufficiently loose to permit movement, a change
in flagellar excursion (or movement of the sperm head) was
seen in most (≈80%) of cells (Fig. 4c, black bar). In cells
incubated in NCFsEBSS, stimulation with progesterone again
caused increased flagellar excursion (or reorientation of the
head) in ≈80% of cells (Fig. 4c). When cells were exposed to
EGTA-buffered saline, then returned to NCFsEBSS for 4 min
before stimulation, though a rise in [Ca2+]i was observed (after
a delay of 50–60 s, see above), a discernible increase in flagellar
excursion (or movement of the head) occurred in only 18% of
cells (Fig. 4c). In two instances, paired experiments were carried
out using cells from the same sample, both superfused with
NCFsEBSS but with or without pre-exposure to EGTA-buffered
saline. Analysis of the occurrence of increased flagellar activity
in response to progesterone was highly significantly different
for both data sets (P<10−13).
Discussion
Contribution of stored Ca2+ in the response to progesterone
The biphasic elevation of [Ca2+]i that occurs in human sperm
exposed to micromolar doses of progesterone has been studied
for more than 15 years. Previous work has shown that
suspension of cells in EGTA-buffered medium abolishes the
response, apparently demonstrating total dependence upon
influx of extracellular Ca2+. Our findings confirm the ability
of Ca2+-free EGTA-containing saline to abolish the [Ca2+]i
response to progesterone, but show that when Ca2+ is simply
omitted from the saline, a clear, though altered, elevation of
[Ca2+]i still occurs (Fig. 1b). Under these conditions, the [Ca
2+]i
transient is smaller, has a longer latency of activation (at least
4 s) and peaks later than in normal sEBSS. The altered kinetics
do not merely reflect cellular buffering of a reduced Ca2+-
influx since no such change accompanies dose-dependent
reduction in the amplitude of the progesterone-induced [Ca2+]i
transient (Harper et al., 2003). Furthermore, although the
responses of individual cells were similarly sensitive to
manipulation of [Ca2+]o, approximately 5% of cells responded
to progesterone with a small [Ca2+]i transient even in the
presence of EGTA (Fig. 2c). We conclude that incubation in
NCFsEBSS abolishes a rapid component of the transient
response to micromolar doses of progesterone that is dependent
upon Ca2+-influx (Fig. 1b, red trace) and reveals a ‘slow’
component that reflects mobilization of stored Ca2+(Fig. 1b,
grey trace). Thus the response of human sperm to 3 μMprogesterone, as in the response of mammalian sperm to zona
pellucida and the response to sea urchin sperm to egg jelly,
includes a combination of Ca2+-influx and store mobilization.
However, the store that is activated by progesterone apparently
functions to regulate activity of the flagellum (see below),
whereas store mobilization in response to zona pellucida and
egg jelly leads to acrosome reaction (Evans, 2002; Neill and
Vacquier, 2004). The sustained component of the response to
progesterone is also abolished in EGTA-buffered saline but,
surprisingly, was not inhibited in saline from which Ca2+ had
been omitted ([Ca2+] ≈5 μM; Harper et al., 2004; Fig. 1b, grey
trace). Thus the sustained [Ca2+]i elevation may reflect tonic
store mobilization or Ca2+ influx that is regulated by
cytoplasmic or store [Ca2+].
The progesterone-mobilized Ca2+-store is depleted by
incubation in EGTA-buffered medium
After just 4 min incubation in EGTA-buffered saline, only a
small minority of cells were able to respond to progesterone with
a detectable mobilization of Ca2+. This suggests that nearly
complete depletion of the progesterone-sensitive Ca2+ store
occurs during this period. When cells bathed in NCF-sEBSS
were superfused with EGTA-buffered saline for 5 min (to empty
this store) then returned to NCF-sEBSS before stimulation with
progesterone, the initial transient was both smaller and much
slower to develop. In each of four experiments, the mean
‘latency’ of the response was ≈50 s compared to <10 s without
pre-exposure to EGTA (Fig. 2d inset). In some cells, a transient
fall in fluorescence occurred immediately upon application of
progesterone. These findings suggest that, under the conditions
of these experiments, filling of the store must precede a
detectable [Ca2+]i response. Intriguingly, these cells failed to
generate [Ca2+]i oscillations after the initial transient (≈1% of
cells) whereas cells stimulated under identical conditions but not
subjected to prior treatment with EGTA showed an unusually
high incidence of oscillations (≈50% of cells; compare Figs. 2b
and d). Brief exposure to EGTA clearly has lasting effects on
functioning of the progesterone-sensitive store.
Functional effects of progesterone stimulation
Previous work in our laboratory has shown that, whereas
bolus application of progesterone is an effective, dose-
dependent inducer of AR (Harper et al., 2003), primarily during
the transient phase of the [Ca2+]i signal (Harper et al., in press),
[Ca2+]i oscillations do not induce AR, but cause ‘bursts’ of
increased flagellar activity. When Ca2+ mobilization by 3 μM
progesterone was modified (by manipulation of [Ca2+]o) we
saw marked effects on these responses. AR was greatly reduced
in NCFsEBSS, consistent with the idea that this effect of
progesterone is dependent primarily on Ca2+-influx. In contrast,
modulation of flagellar activity induced by progesterone
occurred in a similar proportion of cells superfused with
sEBSS and NCFsEBSS. However, when cells were briefly
exposed to EGTA (to deplete stored Ca2+) then returned to
NCFsEBSS, the effect of progesterone on flagellar beat was
Fig. 5. Proposal for events underlying the various [Ca2+]i-signals induced by
progesterone. Blue arrows indicate Ca2+ mobilization by 3 μM progesterone
(dark blue) or by a progesterone gradient (light blue). The source of Ca2+
mobilization and the effect of themobilizedCa2+ are indicated by green (influx—
leading to AR) or red (Ca2+ stored in the sperm neck region—leading to flagellar
regulation). Stepped elevation of progesterone concentration from 0–3 μM (dark
blue arrows) causes synchronized opening of a large number of channels
resulting in a large, brief [Ca2+]i transient (transient 1—green). Mobilization of
stored Ca2+, probably involving Ca2+-induced Ca2+ release (CICR) from a store
in the neck region of the sperm (Harper and Publicover, 2005) generates a slower
and more prolonged Ca2+ transient (transient 2—red trace). Generation of IP3
may also contribute to store mobilization by 3 μM progesterone (Thomas and
Meizel, 1989). Transient 2 occurs in near isolation in NCFsEBSS and transient 1
(including the [Ca2+] undershoot) is seen in isolation after pre-treatment with
low doses of progesterone (Harper et al., 2003) or in the presence of 10 μM
nifedipine (Kirkman-Brown et al., 2003). A sustained [Ca2+]i signal also occurs,
probably mediated by a separate, non-inactivating Ca2+ influx pathway and/or
tonic mobilization of stored Ca2+. This influx requires the continued presence of
progesterone (Harper et al., 2005). Oscillations are occasionally seen following
the 3 μM progesterone-induced [Ca2+] transient (dashed dark blue arrows).
Stimulation with a progesterone concentration ramp (light blue arrows) induces
a sustained influx but no transient. Cyclical mobilization of stored Ca2+ in the
neck region of the sperm then results in generation of oscillations. Oscillations
can continue after withdrawal of progesterone and, though requiring the
presence of extracellular Ca2+, are probably caused by Ca2+-induced Ca2+
release (CICR).
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largely to store mobilization. Thus it appears that the two
components of Ca2+ mobilization that occur during the [Ca2+]i
transient are sufficiently separately localized to induce different
functional responses of the sperm.
The Ca2+ store mobilized during the progesterone-induced
transient has similar characteristics to the store which
generates Ca2+-oscillations
We have suggested previously that the store mobilized
during progesterone-induced [Ca2+]i oscillations in human
sperm is filled by a secretory pathway Ca2+-ATPase (SPCA;
Harper et al., 2005). No specific inhibitor for SPCAs is
available but a combination of evidence points strongly to this:(i) store mobilization during oscillations is insensitive to the
SERCA-inhibitor thapsigargin; (ii) Western blotting/immuno-
localization failed to detect SERCAs in human sperm; (iii) other
than SERCAs, SPCAs are the only known Ca2+-store ATPase;
(iv) SPCAs (which provide an unusually high proportion of the
Ca2+ ATPase in mammalian testis; Wootton et al., 2004) were
detected in the midpiece/neck region of human sperm where
progesterone-induced Ca2+ mobilization is initiated (Kirkman-
Brown et al., 2000; Fukami et al., 2003); (iv) 10–40 μM bis-
phenol inhibits SPCAs and rapidly inhibited oscillations, with
the same dose-dependency. Recent studies on sea urchin sperm
support this conclusion. Spermatozoa of S. purpuratus do not
express SERCAs but do have SPCA localized to the midpiece
and are sensitive to bis-phenol but not thapsigargin (Gunaratne
and Vacquier, 2006a, b). Use of SPCA, but not SERCA, for
intracellular Ca2+ sequestration may be characteristic of sperm.
We report here that Ca2+ mobilization during the progesterone-
induced transient showed identical sensitivity. In particular,
when sperm bathed in NCFsEBSS were treated with bis-phenol,
both inhibiting the Ca2+-ATPase in the store that generates
[Ca2+]i oscillations and greatly reducing any Ca
2+ flux at the
plasmalemma, the response to 3 μM progesterone was
minimal (Fig. 3b). Since the sustained phase of the [Ca2+]i
response to bis-phenol is apparently dependent on store
mobilization (see above), our previous finding that after
stimulation with progesterone sperm still show elevation of
[Ca2+]i when exposed to bis-phenol (Harper et al., 2005) is
surprising. However, the initial [Ca2+]i transient induced by
bis-phenol is virtually absent after progesterone stimulation. It
seems likely that some of the sustained actions of bis-phenol
such as in Fig. 3b reflect inhibition at other sites, possibly the
acrosomal Ca2+ store or the plasma membrane ATPase.
On the basis of these observations, we propose that the
different [Ca2+]i signals induced by ramp and bolus progester-
one stimuli reflect different patterns of activation of the same
signaling components (Fig. 5). The sustained component of
both signals is probably identical, but the initial transient of the
bolus-induced response includes both rapid influx (possibly
brief, maximal activation of the tonic influx pathway) and a
‘single-shot’ mobilization of the store. This overlapping
activation is sufficient to induce AR. The response to a ramp
elicits a slowly developing tonic response which, in many cells,
permits repeated cyclic store mobilization, modifying flagellar
activity but not inducing AR.
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